V ariable fluorescence (Fv), i.e., Fv = Fm -Fa w here F0 is the m inim al fluorescence and Fm the m axim um fluorescence, and difference F ourier transform infrared (FT-IR) spectroscopy were used to study the effect of h eat stress in th e 2 5 -5 5 °C range on photosystem II (PSII) structure and function. First, the Fv intensity reflects accurately the changes in the num ber of open photochem ical centers in PSII. Secondly, the use of Fv in com bination with FT-IR spectroscopy can disclose structure-function correlatio n s in the h eat inactivation of the PSII complex. A nalysis of the m idpoint te m p eratu res of therm al d en atu ratio n , i.e., 50% inactiva tion, rep o rted so far in investigations o f the thylakoid m em brane com ponents has revealed that m ost of the therm al tran sitio n s attrib u ted to PSII are in the 3 9 -4 6 °C range. In this work, it is show n specifically th a t the m idpoint te m p eratu re of PSII inactivation is at about 40 °C. M oreover, it was clearly d em o n strated th a t th e heat-induced changes above 40 °C are the result of a m arked decrease in the n u m b er of o pen photochem ical centers in PSII. It was also seen th a t above this sam e te m p era tu re the loss of photochem ical centers has its struc tural co u n terp art in overall m odifications of th e secondary structures of the PSII proteins resulting from the decrease in th e a-helix co n ten t concom itant with the increase in extended chain (ß-strand) conform ations. In brief, a novel finding rep o rted h ere is th at the n um ber of open photochem ical centers in PSII is d ep e n d en t on a dynam ic equilibrium betw een the contents of the PSII proteins in a-helix and ex ten d e d chains (ß-strands), bu t not in ß-sheets and ß-turn structures except for the antip arallel-ß -sh eet conform ations. This th erefo re associ ates the therm al inactivation of th e p hotochem ical centers in photosystem II with distinct conform ational changes in the p ro tein s of the PSII supram olecular complex. In the particular context of the presen t study, these findings co n stitu te a significant contribution to the investi gation of structure-function co rrelatio n s in th e p hotosynthetic m em brane. In a b ro ad er context, this inform ation m ight be essential for th e com prehension o f the m olecular arran g e m ents or local structure o rd er th a t are involved directly or indirectly in biological catalysis.
Introduction

H eat-induced changes in the thylakoid m em brane of plant chloroplasts is one of the im p o rtan t factors that d eterm in e p h otosynthetic efficiency
Abbreviations: C F^ chloroplast coupling factor subunit 1; Chi, chlorophyll; DCIP, 2,6-dichlorophenol indophenol; DSC, differential scanning calorim etry; Fm, m axi m um fluorescence; F0, minim al fluorescence; Fv (= FmFa), variable fluorescence; FT-IR, F o u rier transform in frared; LH C II, light harvesting com plex associated w ith PSII; PAM, pulse am plitude m odulation; PSII, photosys tem II. R eprint requests to M. Fragata. Fax: +1 819 376-5057. E-m ail: fragata@ uqtr.uquebec.ca (see, e.g., Joshi et al., 1995) . A wide variety of heatinduced effects were observed. For exam ple, the heat treatm en t causes the destacking of the thyla koid m em branes (G ounaris et al., 1983) and, as a result, alters the norm al function of photosystem I and photosystem II (PSII). H eat stress is also responsible for the denaturation of the light-harvesting chlorophyll a/b proteins (Sundby and A ndersson, 1985) and the oxygen-evolving com plex (K atoh and San Pietro, 1967) . It also causes the loss of Mn-and Ca-ions by the PSII com plex (C heniae and M artin, 1970; N ash et al., 1985; C ole m an et al., 1988) . Furtherm ore, B ukhov et al. (1990) and C ao and G ovindjee (1990) found that the heat treatm en t hinders the rate of electron 0939-5075/99/0100-0035 $ 06.00 © 1999 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com • D transfer from the prim ary electron acceptor Q A to the secondary acceptor Q B. These authors con cluded th at the m olecular site of the heat effect might be at the acceptor side of PSII, or at least in its neighborhood. T here is also evidence that the loss of PSII activity produced by heat stress is related to the transform ation of the high potential cytochrom e b559 into its low potential form (Nash et a l, 1985; C ram er et al., 1981a,b) . These o bserva tions suggest th at the heat-induced p erturbations of the PSII stability have their co u n terp art in structural changes in the PSII proteins. A recent infrared study of h eat-treated PSII reaction cen ters (P S II-R C ) (D e Las Rivas and B arber, 1997) supports this assum ption. In brief, De Las Rivas and B arb er (1997) show ed that the secondary structures in PSII-R C undergo a therm al tran si tion at about 42 °C which is thought to be the re flection of changes occurring in the relative contents of the various conform ations into which the PSII pro tein s are folded.
The identification of the m olecular sites which are affected by high tem p eratu re has been a t tem p ted at first with a num ber of differential scan ning calorim etry (D SC ) studies designed to probe the h eat-induced inactivation of specific photosyn thetic processes. The D SC therm ogram s revealed about five to seven endotherm ic transitions in the region betw een 30 and 90 °C (C ram er et al., 1981a,b; T hom pson et al., 1986; Smith et al., 1989; Smith and Low, 1989; Shutilova et al., 1995) . These transitions indicate the presence in the thylakoid m em brane of m olecular com ponents differing in their sensitivity to heat. The DSC transitions ob served at ab o u t 42, 61, 65, 70 and 76 °C w ere iden tified with th e p ertu rb atio n , or denatu ratio n, of the function of the oxygen-evolving com plex (42 °C), the PSII reaction center (61 °C), the solu ble subunit of the CF! com plex (65 °C), the ribulose 1,5-biphosphate carboxylase (70 °C), and the L H C II com plex (76 °C) (see discussions in C ram er et al., 1981b; Thom pson et al., 1986; Smith et al., 1989; Smith and Low, 1989; Shutilova et al., 1995; D e Las Rivas and B arber. 1997) .
In this w ork, we used a com bination of variable fluorescence (F v) and difference Fourier transform infrared spectroscopy to study the effect of heat stress on the PSII structure and function in the tem p eratu re range from 25 to 55 °C. First, fluores cence m easurem ents with the pulse am plitude m odulation (PAM ) technique (Schreiber et al., 1986) have been show n to be a very sensitive m ethod for the observation of small changes in the intensities of m inim al fluorescence (F0) and m axi m um fluorescence (Fm), and therefore for exam in ing the levels of variable fluorescence Fy, where Fv = Fm -F0. A n im portant finding, in this connec tion, is the recognition th at the Fv intensity reflects accurately the changes in the num ber of open pho tochem ical centers in PSII (see discussions in Lavorel et al., 1986) . This, therefore, prom pts the use of F v in com bination with techniques th at are ca pable of detecting structural changes in the protein m olecules, e.g., the F ourier transform infrared (FT-IR ) spectroscopy.
FT-IR spectroscopy has been widely applied in structural studies of proteins (A rro n d o et al., 1993) . A quite large n u m ber of FT-IR studies were dedicated to the exam ination of the structurefunction relations in the photosynthetic m em brane (see, e.g., H e et al., 1991; M acD onald and Barry, 1992; B erthom ieu and Boussac, 1995; D e Las R i vas and B arber, 1997) . The spectral region which is m ost frequently used in infrared studies is the am ide I from 1700 to 1600 cm -1. This is because the am ide I region is associated with an in-plane C = 0 stretching vibration (-8 0 % ) weakly coupled with som e contributions from CN stretching and CCN deform ation (K rim m and B andekar, 1986) . The am ide I region is very sensitive to conform a tional changes in the proteins secondary structures (Surewicz and M antsch, 1988) , and, m ost interest ingly for the present w ork, was shown recently to be particularly effective in the study of heat inacti vation of proteins (A rro n d o et al., 1994) .
From the above discussed considerations, one expects with reasonable confidence that the utili zation of variable fluorescence in com bination with FT-IR spectroscopy will provide new knowl edge on the nature of the m olecular alterations occurring in the PSII supram olecular com plex d u r ing heat inactivation. In the work rep o rted here, we applied concurrently the variable fluorescence and FT-IR spectroscopy methods. It is shown here under th at this procedure has helped to shed new insight into the understanding of the therm al tra n sition observed around 42 °C (see above). We shall see th at the level of variable fluorescence in the PSII prep aratio n s used in the present study varies with the incubation tem p eratu re from 25 to 55 °C according to a sigmoid curve with a m idpoint te m perature of therm al d en atu ratio n , i.e., 50% inacti vation, at about 40 °C. W hat is m ore, this therm al transition coincides with the tem p eratu re th at in duces two significant infrared absorbance changes in the difference FT-IR spectra of h e a t-tre ate d PSII samples, namely a m axim um in the a-helix region and a m inimum in the extended chain (ß-strand) region.
Materials and Methods
Pea seedlings developm ent
Pea seeds were first scarified in co n cen trated H 2 S 0 4 for 5 min and subsequently w ashed in ru n ning tap w ater for 1 5 -2 0 h. Then, the seeds w ere germ inated on sand in darkness inside a controlled environm ent cabinet kep t at 293 K. T hree to four day old seedlings were tran sferred to a liquid n u t rition m edium (H o ag lan d 's solution) w here they were grow n under continuous w hite light (30 [.iE n r 2 s_1) for about 1 0 days.
Preparation o f P SII particles
To obtain the PSII particles, type A chloroplasts were first extracted from pea seedlings leaves ac cording to a m odified m ethod of N ak atan i and B arber (1977) . This was follow ed by the isolation of the thylakoid m em branes and the PSII particles according to the following procedures. Fresh pea leaves w ere hom ogenized at 273 K in a m edium containing 0.4 m sorbitol, 50 mM T ricine-N aO H (Tricine is N -Tris[hydroxym etyl]m ethylglycine) (pH 7.8) and 10 mM N aC l (buffer A ). The hom ogenate was filtered through eight layers of cheese cloth and centrifuged at 3 0 0 x g for 1 min. The p el let was discarded and th e su p ern atan t was cen tri fuged at 1000 x g for 5 m in at 277 K. T he ch lo ro plasts pellet was w ashed two tim es in 1 0 mM Tricine-N aO H (pH 7.8), 10 mM N aCl and 5 mM MgCl2 was mixed with 4% Triton X-100 in buffer C. The m ixture was continuously stirred and was incu bated in the dark for 20 min at 277 K. T hereupon, the m ixture was diluted 1 0 -fold and centrifuged at 750 x g for 10 min. The pellet was discarded and the supernatant was centrifuged at 27 000 x g for 30 min at 277 K. The pellet (PSII particles) was suspended in buffer C and w ashed once in the sam e buffer. The PSII particles thus obtained were stored at 193 K in buffer C containing 30% glyc erol.
Heat inactivation experiments
H eat inactivation studies w ere perform ed ac cording to a procedure which is sim ilar to m ethods described elsew here (cf. C ram er et al., 1981b; T hom pson et al., 1986) . First, the PSII sam ples w ere washed in buffer C (see above) and resus pended in the same buffer at a concentration of 1 mg Chi m l-1. Then, aliquots of a PSII sam ple w ere incubated in darkness for a period of 1 0 min at tem peratures ranging from 25 to 55 °C. Finally, the PSII aliquots were kept in a ice bath in d a rk ness till later use in infrared spectroscopy, or in variable fluorescence m easurem ents.
Variable fluorescence measurements
M easurem ent of chlorophyll fluorescence in the PSII preparations was perform ed according to the p rocedure of Schreiber et al. (1986) using a PAM fluorom eter (Walz G m bH , Effeltrich, G erm any). A low frequency m odulated beam (1.6 kH z) at very low light intensity was used to m easure the m inim al fluorescence (F0). The saturating white light (10000 [.iE m -2 s~\ 100 kH z) was used to d e term ine the m axim um fluorescence (Fm). The cal culated variable fluorescence (F v) is given by subtracting F0 from Fm, i.e., Fv = Fm -Fa.
Sam ple preparation fo r infrared studies and FT-IR measurements
The PSII sam ples (1.5 mg Chi m l-1) w ere w ashed first in 1.2 ml of buffer C (see above), and then three tim es in D 20 and finally resuspended in D 2 0 . This preparation was precipitated and the pellet was layered on 25 mm diam eter ZnSe plates. The infrared absorbance m easurem ents were m ade in a N icolet Fourier transform infrared (FT-IR ) spectro p h o to m eter, m odel 420. In general, 100 in terferogram s w ere collected and co-added using the O m nic softw are facility of the Nicolet FT-IR instrum ent. The infrared spectra were obtained upon subtraction of the spectrum of the ZnSe plates used for deposition of the samples. The spectral resolution was betw een 1 and 2 cm -1. P rior to d ata processing the FT-IR spectra were corrected for their content in D 20 by a standard subtraction proced u re (G abashvili et al., 1998) . T he spectra w ere processed using the G R A M S/ 386 Spectra-C alc Program , version 1.06A, of G a lactic Industries C orp o ratio n (Salem, N H ).
D ifference FT-IR spectra
It is im p o rtan t to note th at before the calcula tion of the difference FT-IR spectra, the baselines of the original spectra w ere corrected at about 2000 cm -1 using the G RA M S/386 Spectra-Calc Program . In this respect, it is em phazised that in the great m ajority of the proteins spectra the re gion aro u n d 2 0 0 0 cm -1 presents no significant in frared absorbance. To obtain the difference spectra, i.e., the [PSII h eated above 25 °C]-minus-[PSII at 25 °C] spectra, we applied the m ethods developed by H eim burg and M arsh (1993) and Lee et al. (1990) . In short, the area under the am ide I band, i.e., the 1700-1600 cm -1 region, is first norm alized according to the expression A n -k A a, w here A 0 is the integral of the observed surface u n d er the band envelope calculated w ith the S pectra-C alc Program , k is a scale factor th at n o r m alizes A 0 to 100, and A n is the norm alized area, i.e., 100. T hen, the [PSII h eated above 25 °C] -[PSII at 25 °C] subtraction of the spectra was p er form ed (see also discussions in Gabashvili et al., 1998) .
Results and Discussion
Temperature effect on the variable fluorescence (25) the variable fluorescence at 25 °C which is used as the control tem perature. O ne sees that Fv(t)l Fv(25) decreases with t according to a sigmoid curve which exhibits an inflexion point at about 40 °C as was observed also in the FQ vs. t curve displayed in Fig. 1A .
The F v(r)/Fv(25) ratio at the tem perature of the inflexion point is 0.5, indicating that the num ber of open photochem ical centers in response to heat stress are reduced by about 50% . Tem peratures above the inflexion point tem p eratu re enhance the therm al inactivation of the photochem ical centers, or their com plete d en atu ratio n at 5 0 -5 5 °C. A s a consequence, the photochem istry is brought to its lowest value and the trapping of excitation energy is progressively raised to his highest value which is visible in the m axim um fluorescence yield o b served at about 5 0 -5 5 °C.
Temperature effect on the infrared absorbance
In spite of the fact th at the infrared spectra of most proteins display usually an a p p aren t lack of fine structure in the am ide I region from 1700 tol600 cm ' 1 (cf. Fig. 2, curve A (i) 1696-1665 cm -1: turns (e.g., ß-turns), a n tip a r allel ß-sheet (-1693 cm -1); (ii) 1658-1654 cm -1: a-helix; (iii) 1648-1641 cm -1: random structures, loops; (iv) 1640-1620 cm -1: ß-sheet (-1636 cm -1), ß-strands (extended chains: -1626 c m '1); (v) 1620-1600 cm -1 : arom atic side chains (e.g., tyrosine), chlorophyll molecules. Fig. 2 displays the absorbance difference FT-IR spectra (D ) of the PSII particles incubated at tem peratu res from 25 to 55 °C. We note the presence of th ree m ajor regions exhibiting significant ab so r bance changes caused by heat tre atm e n t of the PSII particles. T hat is to say, from 1700 to 1675 cm -1, from 1675 to 1635 cm -1 and from 1635 to 1600 cm -1. These spectral regions are delim ited by two isosbestic points observed at approxim ately 1675 and 1635 cm -1 which are situated at the boundary of, respectively, the ß-turn to a-helix area and the ß-sheet to ß-strand area. From the above considerations (K rim m and B andekar, 1986; A rrondo et al., 1993) and the spectral analy ses th at we perform ed using second derivative and F ourier self-deconvolution m ethods (cf. D e Las Rivas and B arber, 1997; G abashvili et al., 1998), we w ere able to identify the m ajor PSII structures which are affected by tem perature: (a) turns (e.g., ß-turns) and the antiparallel ß-sheet (-1693 cm " 1) from 1696 and 1665 cm -1, (b) a-helix conform a tions around 1657 cm -1, and (c) tw o different bands in the 1640-1620 cm -1 region which are as signed to ß-structures.
First, the band around 1636 cm -1 in the differ ence FT-IR spectra (Fig. 2) arises from intram olec ular carbonyl vibrations of ß-sheets. Secondly, the spectral band at 1626 cm -1 is attrib u ted to ß-strands, i.e., extended chains, according to A r ro n d o et al. (1994) and D e Las Rivas and B arber (1997). The assignm ent of the 1626 cm -1 band to p ro tein chains in extended chain (ß-strand) config urations is particularly interesting in the study of structure-function in m acrom olecules since these structures are directly related to a hydrogen-bond ing netw ork form ed of hydrogen-bonding donors and acceptors in am ino acid residues which do not participate in intram olecular ß-sheets. These m o lecular patterns are for the m ost p art involved in hydrogen-bonding interactions with o th er m olecu lar structures. M oreover, it is plausible to assume that the heat-induced effects observed in this work may as well result from therm al p erturbations af fecting the three-dim ensional structures of the PSII proteins eith er globally or, m ost likely, in w ell-delim ited regions in the supram olecular com plex.
We rem ark finally th at the absorbance difference FT-IR spectra in Fig. 2 show clearly that the tem peratu re-in d u ced absorbance changes recorded in the region aro u n d 1657 c n r 1 are first an increase up to a tem p eratu re of the o rd er of 40 °C, then is fol low ed by an absorbance decrease at higher tem p er atures. In contrast with this observation, the spectral regions with m axim a at 1693 cm 1 and 1626 cm " 1 follow opposite trends. That is, an infra red absorbance decrease is observed up to 40 °C follow ed by an increase at higher tem peratures. This is best seen in Fig. 3 which presents the varia tion with tem p eratu re of the infrared absorbance A: a-helix region at 1657 cm " 1, i.e., in the a-helix region (Fig. 3A) , and at 1626 cm -1, i.e., in the ß-strand region (Fig. 3B) 
Tem perature-dependent structure-function correlations in P S II
A m ajor finding in this w ork is the sim ilitude of the transition tem p eratu re at the inflexion points in Figs. 1A and IB, and the m axim um and the m in im um observed in Figs. 3A and 3B. T hat is, the fluorescence transitions in the curves of Fig. 1 d e tected at approxim ately 40 °C, i.e., at Fa = 4.1 (Fig. 1A) and at Fv(t)/Fv(25) = 0.5 (Fig. IB ) , are seen at exactly the sam e transition tem p eratu re in the infrared absorbance vs. t curves of Fig. 3 . This is a straightforw ard indication that the m idpoint tem p e ra tu res around 40 °C correspond to a main therm al transition which is m ost likely related to the inactivation, or den atu ratio n , of the PSII units. This in te rp reta tio n is clearly sustained by the Fv(t)/ F v(25) vs. t curve which describes the inactivation of open photochem ical centers with increasing tem p eratu re. M oreover, com parison of these re sults with data available in the literature (Table I) shows th at the therm al transition around 40 °C is of general occurrence. Table I shows that most therm al transitions attrib u ted to PSII are in the 3 9 -4 6 °C range and are in general assigned to the d e n atu ratio n of the oxygen-evolving com plex and the electron tran sp o rt chain. O u r results reported in this p ap er support these conclusions.
Secondly, we show ed that the variation in the ahelix content in the PSII com plex is accom panied particularly by an opposite variation in the ex ten d ed chains (ß-strands) content but not in ß-sheet and ß-turn structures, except for the antiparallel-ß-sheet conform ations seen at 1693 cm -1 (cf. Fig. 2 ). This is clearly seen in the isosbestic points observed around respectively 1635 and 1675 cm 1 in the difference FT-IR spectra shown in Fig. 2 . The presence of these two isosbestic points is a good indication th at the PSII contents in ß-turns and ß-sheet conform ations are not altered signifi- Table I . C om parison of m idpoint tem p eratu res of th erm al d e n atu ratio n of function and structure observed betw een 39 and 46 °C in photosystem II. cantly with the increase of the incubation te m p e r ature. B ut, the isosbestic points in Fig. 2 indicate th a t one is m ost likely dealing with a phase tran si tion phenom enon which, in the p resen t case, m a te rializes as a a-helix to extended chain (ß-strand) transition. M ost im portantly, it is plausible th at these changes in the secondary structures of the p roteins constitute an efficient m eans of control of the PSII activity in the thylakoid m em brane. A corollary from the above discussed considera tions is th at at tem peratures below the therm al tran sitio n at about 40 °C, the PSII proteins confor m ations capable of assuring the m axim um n um ber of o p en photochem ical centers is intim ately d e p en d e n t on a dynam ic equilibrium betw een the ahelix and the extended chain (ß-strand). A bove the therm al transition which induces an extrem e loss of open photochem ical centers, one observes the decrease in the a-helix content accom panied by the increase in the ß-strands content. O ne m ay th e re fo re expect spatio-tem poral fluctuations in the PSII supram olecular complex caused by local, or m ore generalized, tem perature changes. This m ay give rise to simple background noise effects in the PSII function, or to m ore im portant func tional deviations.
As a final conclusion it is interesting to rem ark that the structural changes occurring in the course of protein folding and unfolding provide useful in form ation ab out the intra-and interm olecular in teractions betw een specific am ino acid residues and/or p ro tein dom ains th a t are essential to m ain tain the physiologically active m acrom olecular conform ations (see, e.g., M om belli et al., 1997) . Such inform ation is fundam ental for the com pre hension of the m olecular arrangem ents or local structure o rd e r th at are involved directly or indi rectly in biological catalysis. This has been the scope of a wide range of investigations on the function of the thylakoid m em brane proteins. The p resent study is a novel step in this direction as it d em onstrates th at the stability of the open p h o to chem ical centers in photosystem II is dependent on a overall dynam ic equilibrium betw een the PSII p roteins contents in a-helix and extended chain (ß-strand) conform ations. The study of these structure-function relations is now pursued in spe cific p ro tein com ponents of the PSII com plex with the inten t of identifying the thylakoid m em brane structures (e.g., thylakoid lipids an d /o r proteins) th at could intervene in the onset of the h eat effect described above by opposing o r facilitating it. 
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